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‘?—-/Several experiments were undertaken to investigate the mechanism of
photodechlorination of pentachlorobenzene. The thermal methoxydechlorination
reaction of pentachlorobenzene was studied. In DMSO at 50 "fé sodium
methoxide reacts smoothly with pentachlorobenzene to give three
tetrachloroanisole isomers. A second-order kinetic plot for this reaction is linear to
high precision, indicating that the reaction is second order overall. The rate of the
reaction and the product regioisomer distribution are not affected by the presence
of radical traps such as galvinoxyl, by reaction in the absence of oxygen or by
benzyne intermediate traps such as 1,3-diphenylisobenzofuran. The rate of the
reaction is reduced linearly as the starting mixture is diluted with methanol. These
facts suggest that the reaction follows the classical SyAr mechanism.

The proposed structure of the pentachlorobenzene radical anion formed by
photnlysis in the presence of triethylamine is analogous to the.6-complex
intermediate in the SyAr reaction. The regiochemistry of these two types of

dechlorination was compared and showed a fair correlation. The differences in




regiochemistry were attributed to steric effects between the nucleophile and the
aromatic ortho chlorine atoms in the SyAr reaction.

- Tetrachlorophenyl radicals were generated by thermal decomposition of
1,2,4,5-tetrachlorobenzeneazotriphenylmethane in the presence of CC14 and a
hydrogen atom donor. The selectivies of chlorine versus hydrogen or deuterium
atom abstraction were determined in several systems and applied to selectivity of
atom abstraction observed in photochemical experiments. The results support the
hypothesis that, in the photolysis of pentachlorobenzene in the presence of
triethylamine, the intermediate tetrachlorophenyl radical exists as an
unencumbered free radical rather than in a solvent caged pair with triethylamine.

It was anticipated that the rate of photodechlorination would increase in
micellar solutions if triethylamine was added. Experiments showed no such
expected increase in rate, and showed regiochemistry similar to that of the same

reaction in the absence of triethylamine.<;
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Investigations into the Mechanism of the

Photodechlorination of Pentachlorobenzene,

INTRODUCTION

Photochemical Background.

Many polychlorinated aromatic compounds are known to be environmental
pollutants. Perhaps the most notorious of these are the polychlorodibenzodioxins
and polychlorobiphenyls (PCB), although there are many other compounds in this
class which have been detected in environmental samples and which can adversely
affect living organisms. For example, chlorinated benzenes have found extensive
industrial, corumercial and agricultural applications! and have been detected in
inland and coastal waters,2 soil? and municipal waste incinerator fly ash.*>
Environmental chlorinated benzenes are introduced by "direct” sources such as
toxic waste dumping and industrial effluents, and "indirect” sources, for example,
the incineration of oluene or chlorophenols in the presence of hydrochloric acid.**

Chlorinated benzenes have been found in animal tissues, and the toxicology
of these compounds has been the subject of extensive scrutiny. In aquatic animals,
it has been found that the toxicity of these compounds increases with increasing
chlorine substitution. In studies with the guppy (Poecilia reticulata), the acute
toxicity (LCsg) was found to decrease (that is, the agent becomes more toxic)
steadily by almost three orders of magnitude in going from monochlorobenzene to
pentachlorobenzene.® Studies on zebra fish (Brachydanio rerio) showed adverse

effects of chlorobenzenes on survival, embryo-hatchability and growth.”




It has been observed that chlorobenzenes can be dechlorinated by
exposure to ultraviolet light. Knowledge of the photochemistry of these
compounds is of current interest, primarily in order to attain a better understanding
of how they are degraded in the environment and how they can be dechlorinated to
less toxic forms. In the presence of electron donors such as triethylamine,
polychlorobenzenes exhibit enhanced photodechlorination.81® This observation
suggests a potentially powerful tool for the detoxification of these pollutants.

The mechanism of photodechlorination of pentachlorobenzene in the
presence and absence of triethylamine has been the subject of much investigation
in this laboratory. As mentioned before, the presence of an electron donor
increases the rate of dechlorination. Interestingly, the product distribution is also
altered by the presence of triethylamine, which suggests a change in mechanism.

The proposed mechanism (Scheme I) involves formation of an excited singlet state
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Scheme I

which has sufficient energy to directly undergo carbon-chlorine bond homolysis.
However, since the efficiency of intersystem crossing to the triplet state is high
(0.4 - 1.0 in cyclohexane),!! and since electron transfer from the donor is fast, this
singlet bond fission is generally not observed, and the formation of dechlorinated
products arises from the radical anion/excimer.’

By itself, the triplet state does not normally have sufficient energy to
undergo C-Cl bond homolysis, but there are two ways it can still achieve this.%?
First, it can form an exciplex with the electron donor. Second, it can form a
charge-transfer excimer with a ground state molecule of chloroarene. In both
cases, the arene radical anion is formed (although probably only a small degree of
charge transfer is involved in the excimer), and this can lose chlorine by one of two

pathways (Scheme 1I), one (a) which results in a phenyl radical and another (b)




which results in an aryl carbanion. It has been proposed,? based on the

—_— +CI’

L)

—_— +Cl.

Scheme I1

regiochemistry of products formed from this reaction, that path (a) is the
predominant path. The transition state which controls this bond fission pathway is
analogous to the 6-complex intermediate in nucleophilic aromatic substitutions in
that it has an sp3-like center and a delocalized negative charge on the ring much.
When the phenyl radical is produced, it is still associated with the amine
radical cation. It can conceivably abstract a hydrogen atom exclusively from the
associated amine, or it can diffuse away to abstract a hydrogen atom from any

source in solution (Scheme III). One study3® which has attempted to determine the
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correct pathway for hydrogen atom abstraction used deuterated acetonitrile as a
solvent, so that deuterated arene should be present if the free phenyl radical
pathway is occuring. However, the results of this investigation were not clear.
Another aspect of this reaction which has been studied'?13 is the behavior
of an isolated chloroarene radical anion. Spatial isolation of the arene from the
electron donor can be achieved by dissolving pentachlorobenzene in an aqueous
micellar solution such as 0.200 M cetyltrimethylammonium bromide (CTAB).
The pentachlorobenzene is contained inside the spherical micelle, and the
triethylamine is kept outside the micelle where it exerts its electron-donating
ability from a distance. Oxygen quenches the radical anion back to the ground

state, so experiments have been done in the absence of air.!> However, since at




low solute concentrations the probability that oxygen will occupy a micelle already
occupied by a chloroarene molecule is very low, the presence of oxygen in solution
should not inhibit the rate of photodechlorination. The reaction rate has been
measured in the absence of Et;N,4 but this has yet to be done in the presence of
Et;N. If the reaction can be made -to proceed efficiently with Et;N in oxygenated
aqueous solution, then a convenient method for toxic waste disposal could be

developed.

Methoxydechlorination of Polvchlorobenzenes.

As discussed above, the likely pathway for loss of chlorine from the
pentachlorobenzene radical anion is one which results in a tetrachlorophenyl
radical and proceeds via a 6-complex-like transition state. The regiochemistry
expected in the products formed by this mechanism has been predicted by Freeman
et al.,? based on work by Chambers et al.,} and experimental product distributions
were in excellent agreement with these predictions. Since the transition state in the
proposed mechanism resembles that in a nucleophilic aromatic substitution, it
might be expected that substitution of a single chloride by a nucleophile in
pentachlorobenzene should give a similar product distribution if the substitution

followed the conventional SyAr mechanism (Scheme IV).
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Scheme IV

In this work, such a study was conducted using methoxide ion as the
nucleophile. This reaction has been reported by several groups.!>17 Holleman!3
reported the reaction of pentachlorobenzene with sodium methoxide in methanol
under quite harsh conditions (180 °C for 7.5 hours). Under these conditions, only
2 products, 2,3,4,5- and 2,3,5,6-tetrachlorophcn.ol, were detected. It was later
reported!® that much milder conditions could be used to methoxydechlorinate
hexachlorobenzene if pyridine were used as the solvent. This observation was
applied to pentachlorobenzene by Yakobson et al.,'® who found the product

distribution shown in Figure 1 (pyridine 110 °C, 1 hr, 2:1

methoxide/pentachlorobenzene). A small amount of two tetrachlorophenols (para




OCH, Cl Cl
Cl Cl Cl OCH; Cl Cl

a cl cl cl cI OCH,3

Tetrachloroanisole Isomers:
2,3,5,6 ("para”) 2,3,4,6 ("meta”) 2,3,4,5 ("ortho")
50-52% 7-9% 33-38%

Figure 1. Product Percentages from Pentachlorobenzene

Methoxydechlorination Reported by Yakobson, et al.!®
and meta) was also isolated. The products were analyzed by GC. The para and
meta isomers were found to be unresolveable by GC, so differential infrared
spectrophotometry was used to determine their concentrations. A more rapid
reaction under even milder conditions was reported in dimethylsulfoxide (DMSO)
by Bolton et al.1” Ina 9:1 v/v solution of DMSO:methanol at 50 °C, a rate
constant of 0.14 M-!sec’! was reported.

It has been assumed that substitution reactions like the above example
proceed via the so-called SyAr (addition-elimination) mechanism (Scheme Iv).19
However, an alternate mechanism which may occur under certain conditions and
mimic the results of the SyAr mechanism was proposed by Bunnett.2%2! This

mechanism involves radical species and is therefore named Sgn1 (for




substitution,radical nucleophilic, unimolecular). In the case of

pentachlorobenzene, an Sgn1 mechanism would be as shown in Scheme V.

INITIATION:

ArCl +e —» ArCI.

PROPAGATION:

ArClT ——» Ar- + CI

Ar +MeO —p ArOMe.

ArOMe + ArCl——» ArOMe + ArCl

Scheme V

Another radical mechanism which has been proposed for nucleophilic
aromatic substitution differs from the Sgy1 mechanism in that it does not involve a
radical chain. Shein et al.2* have produced evidence for a single electron transfer
(SET) mechanism in which transfer of an electron from methoxide to the arene

preceeds formation of a 6-complex (Scheme VI). Indeed, studies on bimolecular
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X, .OCH;

X X
MeOr .
—_— + MeO —P
N02 NOZ

Scheme VI

NO,

aliphatic nucleophilic substitution (Sy2) processes have turned up evidence for an
SET mechanism there as well.23?4 More recently, Bunton?> has presented
evidence which supports this aromatic SET mechanism but which proceeds via a
n-complex in equilibrium with a charge transfer complex instead of the free radical

anion and methoxide radical (Scheme VII).
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Cl Cl Cl
N02 N02 N02

i

products <—— o-complex

Scheme VII

One goal of this work was to investigate this reaction to see which of the
above mechanisms best fit. Since the proposed photochemical intermediate
resembles the o-complex of nucleophilic aromatic substitution, it is vital to know
what the actual thermal reaction intermediate is if the results are to be used

meaningfully in illustrating the photochemical mechanism.

Nature of Chloroaromatic Radicals in Solution.

Scheme III showed the possible sources from which the tetrachlorobenzene
radical can abstract a hydrogen atom. It is not clear which of these paths best
describe the actual mechanism.

One way to examine the actual nature of the phenyl radical would be to
generate a radical free of complexation in the presence of triethylamine and

acetonitrile and examine the selectivity of hydrogen atom abstraction. If a similar
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relative reactivity occured in the photochemical reaction, then an unencumbered
free radical would be suggested. Russell and Bridger?® did extensive competitive
atom abstraction studies using phenyl radicals generated by the thermal
decomposition of phenylazotriphenylmethane (PAT). In this work, the
2,3,5,6-tetrachlorophenyl analog was synthesized and and allowed to react in the

presence of solvent pairs (Scheme VIII).

Ccl d

N=N-C-(Ph)s

J/A

G

Cl Cl Cl Cl

Cl Cl Cl Cl

Scheme VIII

Photochemical Dechlorination in Aqueous Micelles,

Pentachlorobenzene can be dechlorinated, and thus detoxified, by exposure

to ultraviolet light. However, typical conditions required for this process do not
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lend themselves readily to industrial-scale application. For example, the presence
of O, in solution rapidly quenches the photoexcited state, thus stopping the
reaction, and therefore requiring solution degassing. Also, the organic solvents
which must be used to dissolve the compound may be expensive and pose waste
disposal problems of their own.

An alternative method for successful photodechlorination is to use aqueous
solutions of a surfactant which produces micelles, or self-organized aggregates
with a hydrophobic interior volume and a hydrophilic outer surface. The micelles
allow solvation of pentachlorobenzene in ordinary water, and by using the
appropriate concentrations, dissolved molecular oxygen can be prevented from
interacting with the substrate.

Another advantage of studying photochemistry in micelles is the ability to
isolate a few or even a single molecule(s) from the bulk phase and therefore to
control reaction conditions on a microscopic level. This would allow one to learn
about the molecular details of the reaction mechanism. Such applications of
micelles to photochemistry have been reviewed.?’

Before examining chemical reactions in micelles it is first necessary to
discuss their structure. A useful reference here is a review by Ramnath et al.28
There are several proposed models for micelle structure, and although some
disagreement exists, the most widely used model is the classical Hartley model

(Figure 2). In this model, the micelle is a roughly spherical aggregate with the
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Figure 2. Hartley Model of Micellar Structure.

polar ends of the surfactant defining the surface and the long, nonpolar
hydrocarbon chains inside. The Stern layer is a compact region which contains the
detergent head groups and counterions, and the Gouy-Chapman layer contains
most of the unbound counterions.

Micelles wiil form in solution if the bulk concentration of the surfactant is
above the critical micelle concentration (CMC). Below this concentration,
micellar structures are absent or in very low concentration. Above this
concentration, all detergent molecules are incorporated into micelles. In this study,
the surfactant used was cetyltrimethylammonium bromide ,
CH;(CH,),5sN*(CH;)3Br-. The CMC values for CTAB have been reported (Table

1)‘29
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Table 1. Critical Micelle Concentrations of CTAB

at Various Temperatures.

Temperature (°C) CMC M)
25 50-9.8x 10~
35 9.5-10.2x10%
45 1.155x 103

The exact shape of the micelle can vary with concentration and
temperature. For CTAB, spherical and rodlike structures define some limiting
cases. The structure change can affect photochemical reactivity. For example, in
irradiation studies of pyrene, an increase in excimer yield is observed when
conditions favoring rodlike micelle structures exist.3%2 The shapes of CTAB

micelles under various conditions have he=n reported (Table 2).3% In this study,




Table 2. Shape Regions of CTAB Micelles at Various

a
Temperatures and Concentrations.

16

T °C) Spherical Sphere-Rod  Rodlike Middle
emp. Micelles Transition Micelles Phases
70 0.05 —— 0.25 0.32
50 0.05§ —0.17 0.26
27 0.05 0.10 — 0.25

& concentrations in w/w.

reactions were conducted in 0.07 w/w CTAB at about 50 °C, at which the

predominant shape should be spherical.

Since an electron donor like triethylamine should exist primarily in the

aqueous layer outside the micelle, it is physically separated from the arene by the

micelle wall. Therefore, any clectron transfer would have to occur across this wall

to form the arene radical cation (Scheme IX).
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RESULTS AND DISCUSSION

Methoxydechlorination of Pentachlorobenzene.

As discussed in the introduction, the photodechlorination of
pentachlorobenzene may proceed via an intermediate radical anion which
resembles the 6-complex shown to occur in many types of nucleophilic aromatic
substitutions. Since the pentachlorobenzene radical anion dechlorinates to give a
regioselective mixture of tetrachlorobenzene isomers, it might be expected that an
aromatic nucleophilic addition and subsequent chloride elimination should give a
similar regioisomer distribution. Since the reaction with methoxide ion has been

16.17 this reaction was chosen

shown to proceed smoothly under simple conditions,
for study and comparison with photochemical results. Before presenting the

results, however, it would be helpful to review some theory first.

Nucleophilic aromatic substitution by the addition-elimination (or SyAr)
mechanism is quite different from aliphatic Sy2 nucleophilic substitution,19-31:32
In the latter case, the nucleophile approaches the back lobe of the sp? orbital which
overlaps to form the bond to the leaving group. Such an attack on the back side of
the ring carbon sp? orbital is not possible in an aromatic system, because this back
lobe is shielded from attack by the planar ring system. Instead, the nucleophile
uses a vacant ©_ orbital and eventually forms a new bond to the attacked carbon

atom generating an sp° center with the covalent bond to the leaving group still
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intact. In this state, the intermediate is called the 6-complex. From this state,
either the nucleophile can leave (resulting in the original compound) or the

substituent atom can leave (resulting in the substituted compound) (Scheme X).

o-complex

Scheme X

Since the formation of the o-complex involves loss of aromaticity, it is
quite endothermic and does not easily occur unless one or more electron
withdrawing substituents are present on the ring in ortho or para positions. Nitro
groups are excellent in this regard. In the case of pentachlorobenzene the presence
of five chlorine atoms serves to activate the ring sufficiently to allow nucleophilic
attack.

Another interesting contrast to the SN2 mechanism is the reactivity with
regard to halogen leaving (or nucleofugal) groups . In aromatic substitution with
methoxide nucleophile, the order of reactivity is F >> Cl > Br > 1,3334 which is a
reversal of the case in aliphatic substitution. In the latter case, the carbon-halogen

bond strength is the rate determining factor and since iodine has the weakest bond,
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it proceeds at the fastest rate. In the SyAr mechanism, however, the rate
determining step is the addition of the nucleophile. There are at least two reasons
proposed for this trend in aromatic systems. First, since the C-Hal bond dipole is
stronger the more electronegative the halogen, the addition of a negatively charged
nucleophile is more favored.3! Second, since the halogen radii decrease with
decreasing atomic number, there would be less repulsion between the nucleophile
and, say, fluorine than the other halogens, hence the nucleophile could more easily
approach close enough to make a bond.3?

A single electron withdrawing substituent such as a nitro group activates
an aromatic ring to nucleophilic attack when it is located ortho or para to the
nucleofugal group. In pentachlorobenzene the directing effects are a bit more
complex since there are five electron withdrawing groups and since one of these
groups acts as a nucleofuge. Studies have attempted to rationalize the
regiochemistry of nucleophilic substitution in aromatic polyhalo compounds.!4.33
Burdon?’ used the so-called I repulsion effect to explain regiochemistry in several
CeFsX compounds. Briefly, this effect is due to electron repulsion between the
halogen p-orbitals and the carbon = orbital electrons. The more electronegative the
halogen, the more repulsion will result and hence, the less stable will be the
negative charge on the carbon atom attached to that halogen. Furthermore, since
the para-quinonoid structure seems to be favored over the ortho-quinonoid
structure, the negative charge para to the site of nucleophilic attack will
predominate. In the pentachlorobenzene case, this implies that the para (i.e.,
2,3,5,6-tetrachloroanisole, with the methoxy group para 1o the single hydrogen

atom) isomer will be favored, since the negative charge will be on a carbon bearing
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hydrogen, which is less destabilizing than one bearing chlorine:

| Cl
a._ ¢ ¢ a. G _a
I l more I
stable | l
Cl Cl than H l
Cl  OCH;4 Cl OCH,

Chambers et al.!* have reported detailed quantitative studies of the effects
of chlorine and fluorine atoms in various ring positions on nucleophilic attack in
both benzene and pyridine compounds. The inductive effects of chlorine atoms
tend to stabilize a nearby negative charge, and the I repulsion tends to destabilize
an adjacent negative charge. Chlorine is found to be least stabilizing in a para
position, and increasingly stabilizing in meta and ortho positions, relative to the
position of nucleophilic attack. The values from this work for the activating
influence of chlorine atoms to nucleophilic aromatic attack by methoxide ion are
(relative to hydrogen at the same position) ortho = 182.4, meta = 73.14 and para =
15.05.

By applying these factors to pentachlorobenzene, the relative rates at the
various positions for an SyAr-type substitution are predicted to be as shown in

Figure 3.
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c < 634
Cl C < 13.1
Cl c < 5.25

Figure 3. Calculated Relative Reactivities of
Pentachlorobenzene Chlorine Atoms.

The first experimental test of this reaction was done in pyridine/methanol
following a procedure similar to that of Yakobson et al.1¢ Several conditions were
tested, each varying the pyridine:methanol ratio. In each case, pentachlorobenzene
concentration was 0.1 M, and the reactions were conducted at 93 °C. Assuming in
advance that the reaction kinetics would be second order, the kinetics were
measured by following the disappearance of the starting material. Integration of

the general expression for second order kinetics gives the solution:

1 AoB
= ————n
(Bo - Agp) BoA

If By = A, this simplifies to:
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L) Ap

In this experiment, the initial concentration of pentachlorobenzene ([PCB])
was set equal to methoxide ion concentration ([MeO]), so that use of this latter
kinetic expression is valid. This expression was further modified so that
measurable quantities such as initial concentrations and gas chromatographic peak
integration areas could be used (see appendix A). Gas chromatographic integrated
peak areas were measured relative to an internal standard, para-dimethoxy-
benzene, which was shown to be inert to the reaction conditions.

In pyridine/methanol mixtures, this analysis yielded a linear correlation
(with R2 values better than 0.95), which is consistent with second-order kinetics.

In a 3:1 v/v mixture of pyridine:methanol, the rate constant was measured as 9.05
x 10# Msec’l. In an 8.2:1 mixture, the rate constant was 5.51 x 102 M!sec’l.

Although the para- and meta-tetrachloroanisole products were not resolved
by GC, the relative percentage of this combined isomer peak and the ortho- isomer
were calculated. At low conversions, the percentage of ortho- isomer was 22-23%,
and at higher conversions, the percentage was 24-26%. This is significantly lower
than that reported by Yakobson et al.,!® who reported 33-38% ortho- isomer. At
this point, this disparity was not resolved.

A side reaction in this solvent system was made evident by the drastic color
change of the reaction mixture. Initially colorless, the solution became yellow,

then orange, red and finally dark brown. Upon addition of acetic acid, these
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solutions turned deep violet. The color of the acidified solution gradually faded to
amber over the next few days. These color changes did not take place in heated
solutions containing only pyridine and methoxide ion. It is known that certain
pyridinyl radical compounds are strongly colored and can exist at room
temperature for several days.3® Although difficult to conceive of, perhaps some
electron transfer reaction was responsible for this color generation. At any rate,
some combination of the reactants apparently was producing unidentified products.
Therefore, due to the uncertainties presented by this apparent side reaction, the
pyridine:methanol system was abandoned.

A much cleaner reaction occurs at lower temperatures in DMSO:methanol
mixtures,!” so further kinetics were studied in this system. In general,
pentachlorobenzene and methoxide ion concentrations were set equal at 0.01 M
and para-dimethoxybenzene was again used as an internal standard. Reactions
were run at 50.0 £ 0.1 °C. Several different ratios of DMSO:methanol were tested,
and the reaction rate increased for higher fractions of DMSO. In 13.9:1 mixtures,
the second-order kinetic plots again yielded straight lines with linear regression
analysis giving R? values of at least 0.99. An average rate constant was calculated
to be 2.26 x 10" M'sec’! with a standard deviation of 3.65 x 103

Before discussing product ratios in this reaction, some observations about
solvent effects on rate will be discussed. It is known that polar aprotic solvents
accelerate the rate of nucleophilic aromatic substitution reactions.31-32 This is
attributed to the poor solvation of the negatively charged nucleophile, an effect
which enables it to more easily approach and react with an electrophilic substrate.

On the other hand, hydroxylic solvents tend to highly solvate the anion, thus
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encumbering it and interfering with nucleophilic attack. Thus, it would appear that
if this trend were followed for the methoxydechlorination reaction, a small piece of
evidence in favor of the SyAr mechanism would have been obtained.

As mentioned, reactions in several mixtures of DMSO:methanol were
studied. Additionally, polar hydroxylic and nonpolar solvent systems were
studied. Table 3 summarizes the results of these studies, and includes solvent

dielectric constants*? for comparison. A linear regression analysis of the

Table 3. Rate Constants for Pentachlorobenzene

Methoxydechlorination in Various Solvent Systems.

Solvent:CH;OH Dielectric k
Solvent

Ratio Constant (M-1secD

DMSO 61:1 47 5.708

38:1 3.155

139:1 0.23

9:1 0.14 8

Pyridine 82:1 12 0.055
3:1 0.00091

Toluene 83:1 2.3 b

Methanol - 32.7 b

2 From Reference 17. ® No reaction at 100°C, 3 hr.

DMSO:methanol mixture results shows a linear dependence of the rate constant on

the mixture ratio with a slope of 0.111 Msec™! and a correlation coefficient R2 of
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0.995. A look at Table 3 confirms that a rate enhancement in accordance with an

SNAT mechanism is occurring.

In order to test for the possible existence of radical intermediates in this
reaction, the kinetics were studied in the presence of a radical trap, galvinoxyl

(Figure 4). This compound has been used successfully as a trap in Sgy1 reactions,

Figure 4. Galvinoxyl

and reaction rate retardation was observed using 5-10 mol% galvinoxyl.*!
Galvinoxyl is stable to oxygen in the solid state, and reacts only slowly with
oxygen in solution, so no strict degassing of solvents is necessary. It is known to
combine quantitatively with a number of radicals.4?

The reaction in 13.9:1 DMSO:methanol done in this work was repeated in
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the presence of 5 mol% (relative to pentachlorobenzene) galvinoxyl. Again, a
second order plot was linear, with R2 of .994, and yielding a rate constant of 2.16 x
10! M1sec’! (£5.13 x 103 M-Isec!). This rate is very slightly lower than that
found for reactions without galvinoxyl, but this difference is not considered
significant. A second-order kinetic plot is included in Appendix B.

It must also be considered that the effect of galvinoxyl may not be seen on
the rate of disappearance of pentachlorobenzene but on the rate of formation of

products. For example, Scheme XI shows a situation where this could be true.

OCH,

CH;0H
.- / Cl4
Cl galvinoxyl
5 Cl\

Side Products

Scheme X1

To check for this, the reaction rate as a function of product formation, the

mass balance of the reaction was checked from the gas chromatograms. It was
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found that the combined mass of pentachlorobenzene and known products was
constant to within 2% of the starting pentachlorobenzene concentration (relative
to internal standard) with no discernable trend from sample to sample. This
demonstrates that galvinoxy! does not interfere with the rate of product formation.
It was also found that the relative amounts of product isomers were not changed. It
appears, therefore, that galvinoxyl does not affect the rate of reaction, nor does it

alter product formation in any way.

Since two of the three product isomers could not be resolved by gas
chromatography, another method of analysis was required. As part of a search for
an alternate method, it was determined that 'H nuclear magnetic resonance
spectroscopy could resolve and quantitatively measure the isomers by examining
the aromatic ring proton signal. The ring proton on each of the three isomers and
pentachlorobenzene were easily resolved, and a NMR spectrum of a standard
mixture of these 4 compounds is shown in Appendix B. To remove the
interference of other signals in the NMR, the GC peak containing the para- and
meta-tetrachloroanisole isomers was isolated by preparatory GC. From this, the
relative amounts of these two isomers could be established; then using previous
GC data, the amounts of each relative to the ortho isomer could be calculated.
Table 4 shows the results of this analysis from three of the DMSO:methanol

experiments (Number 3 is from one of the galvinoxyl experiments).




Table 4. Tetrachloroanisole Product Isomer Relative Percentages.

Relative Percentages

Sample
para meta ortho
1 50.8 22.6 26.6
2 494 238 26.8
3 48.0 25.5 26.5
Average 494+14 24.01.5 26.6+£0.15
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These results, as well as the results from the pyridine:methanol mixture
reactions, are notably different from the previously reported values of about
54:10:36 for para:meta:ortho.'® A possible explanation for this discrepancy was
discovered rather serendipitously while performing some further test reactions in
the DMSO:methanol system. Upon analyzing several mixtures which had been
conducted at various temperatures, it was noted that samples run at room
temperature showed relative percentages of ortho-tetrachloroanisole of as low as
22%, while those run at above 75 °C had as high as 48%! Ir addition, the GC
spectra of mixtures with high amounts of ortho isomer also showed a number of

small new peaks.
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In an attempt to shed light on this puzzle, a sample containing higher
amounts of the ortho isomer were submitted for GC-mass spectroscopic analysis.
The results were quite revealing. The new small peaks and a major portion of the
"ortho" peak had nearly identical mass spectra, with molecular ion of m/e = 246,
and showed a pattern characteristic of 3-chlorine compounds. Copies of
representative spectra are included in Appendix B. Based on these spectra, it was
postulated that these unknown products were the result of further
methoxydechlorination of the primary tetrachloroanisole products. Six peaks
showed the same pattern, and this is consistent with the 6 possible regioisomers of

trichloro-dimethoxybenzene (Figure 5).




OCH, |
H OCH,
cl cl
cl
OCH,
cl cl
cl OCH,
H

Cl

Cl

OCH,

Cl

OCH,

Cl

OCH,

Cl

Cl

OCH,

Figure 5. Trichlorodimethoxybenzene Isomers.
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OCH,
al H
cl OCH,
cl
OCH,
H cl
cl cl
OCH,

Upon rechecking the calculation of reactant concentrations for these

reactions, it was discovered that an error led to the addition of a twofold excess of

methoxide ion. This excess allowed the reaction to continue beyond

monosubstitution to produce significant amounts of the disubstituted products,

even before the complete conversion of pentachlorobenzene. Interestingly,

previously cited reactions of pentachlorobenzene in pyridine and DMSO!617 used

excess methoxide ion (twofold and 70% excess, respectively) and also analyzed

samples by gas chromatography. It may be that the ortho percentages (35% and

29%, respectively) reported by these workers were raised by the same

disubstitution observed here.




32

Now being aware of a possible interference in the analysis of primary
products, the next question was to check whether the data from the previous runs
was in error. An experiment to test the relative rates at which the three
tetrachloroanisole isomers react with a second equivalent of methoxide was
conducted. Upon separately reacting the three isomers with methoxide, it was
shown that the para isomer produced two products in relative yields of 101, with
about 13% conversion of the starting material. The major of these two products
showed a GC retention time equal to that of the ortho isomer. The meta isomer
gave products which had retention times between the para and ortho peaks (exact
assignment was difficult due to an impurity in the starting material which showed
additional impurities upon reaction). The ortho isomer showed one minor product
on the GC trace, and also showed a small amount of another product by GC-MS
analysis with a retention time coincident with the starting material, with a
conversion of about 3%. From this it was concluded that para-tetrachloroanisole is
the major contributor to the excess found in the “ortho” GC peak.

GC-MS analysis of a previous reaction mixture from the kinetic
experiments in DMSO showed about 10% of the disubstituted product in the ortho
peak. Estimating that 8% of this impurity originated from para-anisole, then a

corrected isomer distribution was calculated and is presented in Table 5.
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Table 5. Tetrachloroanisole Product Composition.

Relative Percentages

Sample para meta ortho
12 50.8 22.6 26.6
28 494 23.8 26.8
3b 48.0 25.5 26.5
Average
Uncorrected 494+14 240%1.5 26.6+0.15
Corrected  * 51515 240%15 245+0.14

8 Reaction run without galvinoxyl. Pwith galvinoxyl.
¢ Corrected for further dechlorination using GCMS data.

These experiments and other factors suggest that the mechanism of
methoxydechlorination of pentachlorobenzene .. consistent with the SyAr
mechanism. The Sgy1 mechanism is unlikely for the following reasons:

1. The kinetics exhibit a second-order behavior to high precision. A
radical chain mechanism would be expected to show more complex behavior.

2. No effect on reaction rate or product ratio was seen in the presence of a
radical trap which has been shown to inhibit Sgn1 reactions.

3. Formation of tetrachlorobenzene would be expected if a
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tetrachlorophenyl radical intermediate were involved, as would be true in an Syl
scheme. No tetrachlorobenzene products were detected.

4. A solvent effect similar to that seen in SyAr reactions®!32

was observed
for this system.

5. This system is not expected to show Sgn1 behavior a priori because of
the nucleophile used. It has been reported?!-?2 that alkoxide nucleophiles are
unreactive in Sgn1 reactions, so the above results are not surprising.

It is still conceivable that the reaction involves electron transfer with
associated radical pairs, for example, as proposed by Bunton (see Scheme VII,
Introduction Section). This could be checked by performing the same NMR and
UV experiments which were done by that group. Electron spin resonance
spectroscopy might show a radical intermediate, however others have reported that
no such intermediates were seen in systems without nitro activating groups.2?
However, for the purposes of this study, such an electron transfer intermediate

pathway is not important, since the reaction proceeds through the o-complex

before going on to product, so the same regiochemistry would be expected.

Now that it is reasonably certain that this mechanism is SyAr, it remains to
compare the results to those obtained from photochemical experiments and to
those predicted from theory. Table 6 presents the regiochemical results for various

conditions.




Table 6. Comparison of Regiochemistry of Products from

Photo- and Methoxydechlorination of Pentachlorobenzene.
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Relative Percentages

Conditions

para meta ortho
DMSO:MeOH, 51.5 24.0 245
MeO', 50 °C
Predicted 63.4 26.2 10.5
hv, CH,CN, 66.21 25.32 8.47
E[}N
hv, CH,CN  ° 38.53 45.95 17.6
0.011 M ArCl

#predicted using data of reference 14. PRef. 10. °Ref. 9.

It is apparent that thermal nucleophilic substitution gives regiochemistry

which is closer to the photochemical reaction run in the presence of triethylamine

than to that run without triethylamine.. However, the amount of ortho isomer is

substantially higher than for the photochemical case. The probable reason for this

is steric. In nucleophilic substitution, a nucleophile must approach a carbon atom

connected to a large chlorine atom. Certainly, the chlorine atom ortho to the

aromatic ring hydrogen atom is the most easily approachable since it only has one

adjacent chlorine atom. In fact, it has been reported that for very bulky




nucleophiles such as diethylamine, substitution of pentachlorobenzene occurs
almost exclusively (82%) at the ortho position. It is reasonable to assume, then,
that the less bulky methoxide nucleophile might have a much smaller but stll
significant steric effect.

There is another possible reason for the high ortho percentage. It is well
known that in the presence of a strong base, haloarenes can dehydrohalogenate to

yield a benzyne intermediate (Scheme XII). In the presence of a nucleophile, the

MeO'\
H
Cl C? Cl N
—_
Cl Cl Cl Cl
Cl Cl
H
Cl OCH,
MeOH
—_—
Cl Cl
Cl
Scheme XII

benzyne can capture the nucleophile, thus producing an ortho substituted

36
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compound. In the case of pentachlorobenzene in methanol, the product would be
ortho-tetrachloroanisole, and a source of "excess" ortho isomer would be possible.
Methoxide ion is not normally considered to be basic enough to induce
dehydrohalogenation. However, the basicity is substantially increased in DMSO,
where pK values go from 15.5 in water to 29.0 in DMSO.*3 Additionally, the
acidity of the ring proton in pentachlorobenzene is relatively high for an aromatic
system.#
In order to test for a possible benzyne mechanism, a compound which
efficiently traps the intermediate was used. Such a compound is 1,3-diphenyl-

45,46

isobenzofuran, which acts as a diene in a [4 + 2] cycloaddition, with benzyne

as the dienophile (Scheme XIII).
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ph Cl
Cl
—
O +
>~
Ph “
Cl

Scheme XIII

In this experiment, the isobenzofuran was added in 14 mol% relative to
pentachlorobenzene. The reaction was run through approximately 2 half-lives of
pentachlorobenzene. The relative amount of ortho isomer in the trapped reaction
was 26.0%, while in a simultaneously run untrapped reaction it was 26.1%. Itis
apparent that no reduction in formation of this isomer had occurred, and a benzyne

mechanism can be ruled out.

In conclusion, it appears that the thermal nucleophilic substitution reaction

of pentachlorobenzene with methoxide ion follows the standard SyAr mechanism.
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This fact makes the reaction a useful model in studying the regiochemistry of
photodechlorination of pentachlorobenzene in the presence of triethylamine. The
regiochemistry of the methoxydechlorination is roughly in accord with the
photochemical regiochemistry, however, the amount of ortho isomer is higher than
expected. This is most likely due to the reduced steric hindrance involved with
nucleophilic attack at the ortho site. Taking this into account, these results support
the hypothesis that the pentachlorobenzene radical anion produced
photochemically in the presence of Et;N fragments to generate the
tetrachlorophenyl radical via a bent transition state analogous to the SyAr

substitution o-complex intermediate.

Reactions of Thermally Generated Tetrachlorophenyl Radicals.

Studies have presented evidence for the involvement of a radical anion
excimer complex intermediate during photolysis of pentachlorobenzene in
acetonitrile in the presence of triethylamine®12 (Scheme III, Introduction Section).
However, it is not clear whether the ultimately formed tetrachlorophenyl radical
abstracts a hydrogen atom from the triethylamine radical cation associated in the
cage, or whether it escapes into the bulk solvent and can abstract a hydrogen atom
from either acetonitrile or other triethylamine molecules.

In an attempt to answer this question, Ramnath3¢ studied this
photochemical reaction using trideuterioacetonitrile (CD;CN) as a solvent. If the

radical were able to escape into the bulk solvent, it should competitively abstract
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deuterium from this solvent as well as hydrogen from the added triethylamine. In
fact, the results of this experiment were ambiguous. In solutions of 0.05 M
pentachlorobenzene and 2.0 M triethylamine in CD;CN, only 1.7% of the
tetrachlorobenzene products had incorporated deuterium. When triethylamine was
replaced by diazabicyclo[2.2.2)octane (DABCO), which should be a very much
poorer hydrogen atom donor than triethylamine (and should therefore significantly
boost deuterium incorporation), only a modest increase to 6.4 % was seen. Since
some deuterium incorporation was occurring, it seemed that the radical had access
to the bulk solvent. However, the fact that only a small amount of deuterium was
incorporated in an environment overwhelmingly rich in deuterium atom donor was
puzzling.

It was considered that another method could be used to check this
hypothesis. A thermally generated free tetrachlorophenyl radical in the presence of
two different atom donors would show the selectivity of the unencumbered radical
towards atom abstraction. The results of such a competitive study could then be
compared to the results of the photochemical experiment, and thus provide support
for one of the two proposed pathways.

An extensive study of this type was done with phenyl radical by Bridger
and Russell in 1963.2° In their study, phenyl radical was generated by the thermal
decomposition of phenylazotriphenylmethane (PAT). In the presence of carbon
tetrachloride and a hydrogen atom donor R-H, either benzene or chlorobenzene

would be formed (Scheme XIV), with the ratio of the two related to the ratio of the




@— N=N-C-(Ph);

Scheme X1V

rate constants for atom abstraction by the expression:

ky [C¢Hg) [CCl,)

ke [CsHsCl] [RH]
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Cl

This equation relies on three assumptions: (1) the atom abstraction

reactions are first order in RH and CCl, and are of the same kinetic order in CgHge;

(2) the reactions shown in Scheme XIV are the only sources of benzene and
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chlorobenzene; and (3) the ratio [CCl,]/[RH] remains constant. The first
assumption was shown to be valid by several kinetics studies, and based on the
similarities of the phenyl compound with the tetrachlorophenyl compound, it is
assumed that this would also be true for the latter compound. The second
assumption 1s not completely true, but it can bc approximately corrected for. Upon
reacting the azo compound in pure CCl,, formation of a small amount of benzene
was observed, presumably from reaction of the phenyl radical in a cage with PAT
or other decomposition products. By measuring the amount of hydrogen atom
abstraction, a correction can be made to the [CgHg] term in the relative rate
equation. Finally, the third assumption turns out to be valid because of the choice
of triphenylmethyl radical as the other radical formed in decomposition. Since this
is known to be a relatively stable radical, it builds up to an appreciable steady-state
concentration and thereby prevents the occurrence of radical-chain processes.
Therefore, the only significant consumption of RH and CCl, is in a one-to-one
ratio by phenyl radical, which reduces solvent concentrations by less than about
1%.

For this study, 2,3,4,5-tetrachlorobenzeneazotriphenylmethane (TCBAT)

was prepared by using the synthesis outlined in Scheme X V.37
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Cl

cl NHNH, b
: '"Cl

Cl

Cl

cl ©N=N-C(Ph)3
cl

Cl

8(a) NH,NH, hydrate, 95% EtOH; (b) (Ph);CCl, THF,

(c) 2,4,6-triphenylphenol, K3Fe(CN),/2N aq. NaOH, CH,Cl,

After careful recrystallization, the compound was analyzed by NMR and

UV spectroscopy (See Appendix C) and stored in a freezer until used for reactions.

The reactivity of this tetrachlorophenyl compound might be expected to

show some differences from the PAT compound due to the effect of four ring

chlorire atoms. For example, the PAT compound was observed to have a

decomposition rate constant of about 8.0 x 10 sec’! at 64 °C, and about 2 x 10

sec’! at 53.35 °C.37 These rate constants correspond to half-lives of about 15




minutes and 60 minutes, respectively. Interpolation to 60 °C using the Arrhenius
equation gives a half-life of about 20 minutes. Based on evidence presented by
Cohen and Wang?’ chlorine substitution should slow the rate of decomposition. In
that work, they demonstrated that both electron-attracting and electron-repelling
groups in a para postion slow the rate of decomposition. For example, the rate of
decomposition of para-bromo PAT was 2.14 times slower at 53.35 °C than for
unsubstituted PAT.

A study of the decomposition kinetics of TCBAT was done at 60 °C using
UV/VIS spectroscopy to measure the disappearance of the starting material. This

compound shows a characteristic absorbance atA_,,=420 nm (e = 25.2 M-1lcm).

max
At 60 °C, it was found that the half-life of TCBAT in CCl, was 104 minutes,
which gives a rate-constant of 1.11 x 10 sec’!. The plot is included in Appendix
C. This rate of decomposition is slower than that for PAT by a factor of 5. In order
to speed this reaction to a practical rate, a higher temperature was tested. At 75

°C, the rate was measured as above and was found to be 16 minutes, which gives a
rate constant of 7.22 x 10 sec’!. Using these two rate constants, an estimate of
the activation energy (E,) can be found from the Arrhenius equation. From these
two experiments, E, was found to be 28.7 kcal/mol.

Other characteristics of this reaction may change as well. As mentioned
earlier, PAT produced 5% benzene even though the reaction was done in CCl,,
suggesting that either some degree of cage reaction is occurring or that some of the
phenyl radical is abstracting hydrogen from another PAT molecule, or both. The

structural differences in TCBAT may alter the amount of this path of hydrogen

atom abstraction. Also, relative reactivities toward RH versus CCl4 might be
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affected, since abstraction of a chlorine atom to form pentachlorobenzene
introduces steric strain between two ortho chlorine atoms not present in
chlorobenzene.

Analysis of reaction mixtures in pure CCl, showed a significant increase
over PAT in the amount of hydrogen-abstraction product. Mixtures which showed
no remaining TCBAT in the UV/VIS spectrum contained 24.5%
para-tetrachlorobenzene and 75.5% pentachlorobenzene. This correction must,
therefore, be applied to subsequent calculations.

It now remained to determine ky/kc; values for various hydrogen atom
donors. Reactions were run in sealed, degassed ampoules, each containing 0.500
mL of a 0.1 M TCBAT solution. The solvent mixtures were proportioned such
that roughly equal amounts of the penta- and tetrachlorobenzenes would result,
however, the actual results sometimes heavily favored one product. The correction
to tetrachlorobenzene was made by subtracting 32.5% of the pentachlorobenzene
peak area from the tetrachlorobenzene GC peak. Results are presented in Table 7.

These results show that 1,2,4,5-tetrachloropheny! radical overwhelmingly
favors hydrogen atom abstraction from triethylamine, DABCO and quinuclidine
over deuterium atom abstraction from CD3;CN. While the experimental error is
large, it is clear that the rate of hydrogen atom abstraction relative to abstraction of
a deuterium atom from CD3CN (ky/kp) in these experiments is comparable to that
for photochemical experiments run in triethylamine. In DABCO, the
photochemical experiment seems to favor hydrogen abstraction by about 4 times
more than was found in this experiment. Given the error here and potential error in

the photochemical experiments, it may be that these results are all essentially
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equal. This would support the photochemical mechanism in which the

pentachlorobenzene radical anion fragments to the tetrachlorophenyl radical and

abstracts a hydrogen atom while free in solution.

Photochemistry of Pentachlorobenzene in Micelles.

The purpose of this experiment was to investigate the effects of
tricthylamine on the rate of photodechlorination of pentachlorobenzene in
undegassed aqueous micellar solutions. Before reviewing experimental results,
however, it would be useful to discuss solution statistics of CTAB micellar
solutions.

In aqueous CTAB solutions, pentachlorobenzene is dissolved within the
micelle core. This effectively increases the concentration of pentachlorobenzene
relative to what it would be if it were dissolved in the same volume of solution in
the absence of CTAB. This higher concentration is referred to as the microscopic

concentration and can be calculated using the equation:

Co

C. =
" Csvhc

where C, is the bulk concentration of the solute, C; is the CTAB

concentration and V. is the partial molal volume of the hydrocarbon région of the
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micelle.#” A useful rule of thumb states that partial molal volume can be estimated
assuming that each methyl or methylene group in the CTAB hydrocarbon chain
contributes 18 mL/mol.*® This makes V,. = 0.288 L/mol CTAB. Using this value
together with C, = 0.001 M and C, = 0.20 M gives a microscopic concentration C
=0.0174 M.

The distribution of pentachlorobenzene molecules among the micelles is
governed by Poisson statistics.2’” The probability of finding a micelle containing n

solute molecules is given by:

n

P(n) = exp(-(s))

n!

where the mean occupancy number (s) is the ratio of the bulk concentration

of pentachlorobenzene to the bulk concentration of micelles:

[Solute]
(s) =
[Micelles])
the latter of which is given by:
[CTAB] - CMC
[Micelles] =
Nagg

where N, is the mean aggregation number of CTAB molecules per
micelle and is assumed to be 80.4° A table of Poisson distribution probabilities at

various values of (s) is presented in Appendix D.
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As discussed earlier, triethylamine changes the product composition of
photodechlorination in degassed acetonitrile solution. In the presence of
triethylamine, photoexcited pentachlorobenzene forms a radical anion, which
undergoes chlorine fragmentation by a different mechanism than does the triplet
excited state.

In micellar solutions, it may be possible for the same type of charge tranfer
to occur between triethylamine and pentachlorobenzene while physically separated
by the micelle wall. Such an effect was apparently observed in degassed micellar
solutions.!? Data illustrating each of the above conditions is presented in Table 8.12
In order to compare these data with further experiments, a microscopic
concentration of 0.0174 M pentachlorobenzene was used, which makes the
predominant micelle occupancy number < 1.

The experiments in this study were conducted in 0.200 M aqueous CTAB
solutions and were irradiated using an.ordinary sun lamp. In one of the runs,
triethylamine was added in 0.165 M concentration. Gas chromatographic analysis
was made very difficult by the presence of many strong impurity peaks, most of
which were identified by GC-MS as C,, through C, straight and branched
alkanes, presumably due to contamination of the CTAB or degradation of the cetyl
moiety. The results showed a slightly higher reaction rate in the absence of
triethylamine, which is the reverse of what is expected. The regioisomer
distribution of the tetrachlorobenzene products from the irradiation in the presence
of triethylamine is unlike that from any of the other previous experiments (Table

9). Plots of the relative concentrations of starting material and products versus
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Table 9. Tetrachlorobenzene Regioisomer Distribution from Irradiation

in Micellar Solution.

Relative Percentages

Conditions

para meta ortho
This Experiment 31.5 575 11.1
(with TEA)
hv, CH,CN * 38.53 4595 17.6
0.011 M ArCl
(no CTAB)

2 Reference 9.

time are shown in appendix D.

The significance of the results of this experiment is unclear. The only
major difference betwczn this evperiment and thooe rported by reference 36 is
that those experiments were degassed of oxygen prior to irradiation. This suggests
that oxygen plays a role in neutralizing the effect of the triethylamine. An
additional experiment in which the solution is degassed prior to photolysis should

show whether this is true or not.
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EXPERIMENTAL SECTION.

Purification of Reagents.

1. Pyridine: Reagent grade pyridine was stored over KOH pellets for 5
days. The liquid was then decanted and heated at reflux over BaO for 2 h. under
dry Argon, and then fractionally distilled. The fraction boiling at 114-115 °C was
collected over BaO and stored overnight. This fraction was redistilled as above,

with the constant boiling fraction (114.5-115 °C) collected and stored over BaO.

2. Toluene: Reagent grade (Baker) toluene was washed twice with
concentrated sulfuric acid, followed by washing with aqueous NaOH. The toluene
was decanted from the aqueous layer and dried over CaCl, overnight. It was then
fractionally distilled from sodium metal, with the constant boiling fraction
collected (b.p. not recorded). Purity was checked by capillary GC, with no

impurities detectable.

3. Methanol: Baker "Photrex" Grade methanol was further purified as
follows: into a 500 mL 2-neck, round-bottom flask were added 2.6 mg of
magnesium shavings, 0.2 g of resublimed 1, and 50 mL of methanol. This mixture
was heated under reflux until the iodine color disappeared and hydrogen gas
evolution ceased. Then, 300 mL of raethanol was added, heated at reflux for 0.5 h,
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and carefully distilled. The first 25 mL was discarded, and further distillate was

collected over freshly vacuum-dried 3A molecular seives.

4. Dimethylsulfoxide (DMSO): Reagent grade DMSO was stored over
NaOH pellets for several days, and then fractionally distilled from the NaOH under
vacuum (2 mm Hg). The middle fraction was collected (with constant boiling
point at 45 °C) and stored over freshly vacuum-dried 3A molecular seives.

Melting point was 18.4 - 18.9 °C (lit: 18.54 °C).4¢

5. Triethylamine: Reagent grade triethylamine (Baker) was stored over
KOH pellets for 2 days. To the decanted liquid was added a small amount
(approximately 1 cc) of CaH,, and this was gently heated until hydrogen gas
evolution ceased. The liquid was then distilled, with the constant boiling fraction

collected (b.p.: 89.5°C; lit: 89.6°C).50

6. Pentachlorobenzene: Commercial pentachlorobenzene (Aldrich) was
dissolved in boiling 95% ethanol, filtered, and recrystallized overnight. Crystals
were collected and air dried. Melting point was determined to be 83.7 - 84.4 °C
(lit.: 86 °C).30

7. 1,2,4,5-tetrachlorobenzene: Commercial material (Aldrich, 98%) was
dissolved in 125 mL 95% ethanol and recrystallized at room temperature, which it
did quite readily. Crystals were collected, washed 3 times with cold ethanol, and

dried in a vacuum dessicator overnight. This yielded fine, white needlelike
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crystals, with a few small, flat platelike crystals (mp 136.2 - 137.0 °C
(uncorrected); lit. 139.5 - 140.5 °C50),

8. 2,3,5,6-tetrachlorophenol: 2.68 g of commercial material of poor quality
(brown powder, Aldrich) was dissolved in 125 mL of hot ligroin and recrystallized
in an ice bath for several hours. Crystals were filtered, washed with cold ligroin
and air dried. Slightly gray-brown large needlelike crystals (1.97 g) were

recovered for use in further synthesis.

9. 1,4-dimethoxybenzene: 5.8 g of commercial material (Aldrich, 98%)
was dissolved in 75 mL of hot 95% ethanol, and recrystallized at room
temperature. Crystals collected by filtration were washed with cold ethanol and
dried overnight in a vacuum dessicator. Large, platelike, opalescent crystals (1.3

g) were recovered, with mp = 53.9 - 54.6 °C (lit.: 57.2 - 57.8 °C).53

Preparation of 2-methoxy-1,3.4,5-tetrachlorobenzene.

To a 20x150 mm test tube were added 7 mL of 50% aqueous KOH and 15
mL of ether. This was immersed in an ice-water bath, and stirred using a magnetic
micro-stir bar. To this tube was carefully added 0.45 g N-nitrosomethylurea over
about a 1 h period. Evolution of fine gas bubbles was noted. When the solid urea
was completely reacted, the yellow ether layer containing the resultant
diazomethane was pipetted to a test tube in an ice-water bath, and several KOH

pellets were added to remove trace water. This diazomethane soluticn was added
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dropwise to a chilled solution of 0.41 g of 1,3,4,5-tetrachlorophenol in 5 mL of
ether, and the solution was periodically swirled, until the mixture retained the
yellow diazomethane color and gas evolution ceased. The excess diazomethane
and ether were allowed to evaporate, and a yellow-pink-white fluffy crystal
resulted. This was recrystallized from methanol, yielding a fluffy white crystal
(m.p. 50-54 °C). Overall yield 68%. Analysis: 'H NMR: §=3.908 (3H, s); 7.46
(1H, s); impurity showed peaks at 8=1.55 (s) and 3.917 (s). GC: Capillary GC
(Varian 3400) with DB225 column shows two peaks at t,,=22.14 and 27.47 min
corresponding to the desired product and impurity, with relative intensities,
respectively, 84.8% and 10.7%. The impurity peak does not correspond to the

starting material (t,.,=29.48 min).

Preparation of 1-methoxy-2.3,5,6-tetrachlorobenzene.

Prepared from the corresponding phenol using the same procedure as
above. Crude product was dissolved in hot water to remove unreacted urea, and
crystals were recrystallized from methanol/water. Yielded white, needlelike
crystals with mp = 87.5 - 88.0° C (uncorrected)(lit.: 89 - 90 °C).>® Greater than
99% pure by GC (no impurities detected).

Preparation of 2,3,5.6-tetrachlorophenylhydrazine (2).38

A modification of the procedure reported by N. J. Leonard was used.’! Tc
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a 50 mL Bantamware three-necked roundbottom flask equipped with a dropping
funnel, thermometer and condenser, under dry Argon atmosphere, was added 30
mL of 95% ethanol. The flask was then heated to reflux in an oil bath. Reagent
grade 2,3,5,6-tetrachloronitrobenzene (10 g, 0.038 mol) was added and the solution
was magnetically stirred. Hydrazine hydrate (10 g) was slowly dropped in. A
white precipitate formed immediately and then dissolved. After a few minutes a
copious amount of solid formed. The mass was heated at reflux for a total of two
hours and then transferred to a beaker, and 50 mL of 7% aqueous KOH was added.
This mixture was stirred for one hour to ensure that all triazaline (approximately
6% reported) was extracted. The remaining solid was isolated by vacuum
filtration, washed twice with 25 mL portions of water, and recrystallized from
ethanol to give 4.5 g (0.018, 48% yield) of pure white crystalline hydrazine (2).
Analysis: TH NMR (300MHz, CDCl,) § 4.00(d, 2H, J=1Hz, -NH,), 5.75(br s, 1H,
-NH), 7.29(s, 1H); High resolution mass spectrometry: best correlation had -0.2
ppm mass deviation from 243.91280 with formula C{H,N,Cl,.

Preparation of N-(2,3.5.6-tetrachlorophenyl)-N’-trityi-
hydrazine !3)38

A modification of the procedure reported by Cohen for
N-phenyl-N’-tritylhydrazine was used.3” To a 500 mL three-necked roundbottom
flask equipped with a mechanical stirrer, condenser, argon inlet and thermometer
was added 300 mL of freshly distilled THF. Trityl chloride (11.25 g. 0.040 mol)
was added. The solution was heated to 65 °C. Hydrazine (2) (20 g, 0.080 mol)
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was then added in one portion. A solid immediately formed after dissolution of the
hydrazine, and the mixture was heated at reflux for 3 hours. Upon cooling, the
mixture was vacuum filtered and the solid discarded. Evaporation of solvent from
the remaining solute gave 19.6 g of crude product. Recrystallization from a
minimum amount of acetone gave 12.0 g (0.025 mol, 31% yield) of white
crystalline hydrazine (3). Analysis: 'H NMR(300MHz, CDCl;) § 4.73 (s, 1H),
5.40 (s, 1H), 7.2-7.5 (m, 15H); High resolution mass spectrometry: best correlation
had 0.4 ppm deviation from mass 486.02260 with formula C,5H;gN,Cl,.

Preparation of 2,3,5,6-tetrachlorobenzene-azo-triphenyl-

methane (TCBAT)(4).38

A modification of a procedure reported by Dimroth was used-2. To a 500
mL three-necked Morton flask equipped with a high-speed stirrer and condenser,
under Argon atmosphere, were added 200 mL of CH,Cl, (spectro quality), 48 mg
(0.149 mmol) of 2,4,6-triphenylphenol and 200 mL of 2N aqueous NaOH saturated
with K3Fe(CN)g (70 g of K3Fe(CN)g per 200 mL of 2N NaOH). Hydrazine (3)
was then added in one portion. The organic phase was isolated and the remaining
aqueous phase extracted once with CH,Cl,. The combined organic layers were
washed three times with water and filtered through a small amount of silica gel to
remove any remaining phenoxide, and then dried over Na,SO,. Careful
evaporation of solvent gave 3.34 g (7.9 mmol) of crude product. Recrystallization
of 0.54 g from methanol gave 0.39 g (69% yield) of finely divided orange
crystalline product (mp xxxx). Analysis: 'H NMR (300MHz, CDCly) 6 7.2-7.4 (m,
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15H), 7.54 (s, 1H); Mass spectrometry: using M + H peak, best correlation was
-.28 ppm deviation from mass 485.01430 with formula C,sH,;N,Cl, (giving M* of

C,sH,N,Cly).

Preparation of 1.0 M Methanolic Sodium Methoxide Solutions.

Metallic sodium was pared of the oxide layer and weighed under xylene,
and 1.4 g (5.9 x 102 mol) was cleaned by immersion in methanol and dissolved in
50.0 mL anhydrous methanol. This solution was standardized by titration with
0.459 N HCI using phenolpthalein indicator, and found to be 0.995 M. The liquid
was decanted from the small amount of solid formed, and the solution was stored

under dry Argon.

Kinetics of the Thermal Methoxydechlorination of Pentachlorobenzene

in Pyridine,

To a 3-necked, roundbottom flask fitted with an argon purge line and a
rubber septum for sampling were added 0.680 g (2.72 x 103mol) of
pentachlorobenzene, 0.415 g (3.01 x 1073 mol) of 1,4-dimethoxybenzene (internal
standard), and a magnetic stirring bar. Pyridine (22.3 mL) and 2.73 mL of 0.995 M
(2.72 x 10-3 mol) methanolic sodium methoxide were added under a argon purge,
and the solids were dissolved. After an initial sample (about 0.5 mL) was syringed
out, the mixture was heated in an oil bath t0 93 + 1 °C. Small samples were taken

at various times and quenched with a drop of glacial acetic acid. Samples were
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analyzed by GLC on a Hewlett-Packard F & M 700 gas chromatograph equippcd
with a 0.25 in x 10 ft copper tubing column packed with 4.1% Carbowax 20M on
Chromosorb W AW DMCE (80/100 mesh), a thermal conductivity detector, and a
SpectraPhysics 4290 integrator. Conditions were: injector temperature 270 °C,
column temperature 175 °C, detector temperature 285 °C, column gas (He) flow
rate 60 mL/min, and reference gas flow rate 5 mL/min.

It should be noted that during the reaction, the color of the solution went
from colorless and clear, through yellow, brown and finally red-brown. These
colors changed to varying intensities of violet-purple on addition of acid. It was

not determined what caused these color changes.

Kinetics of the Thermal Methoxvdechlarination of Pentachlorobenzene

in Dimethylsulfoxide.

1. General Procedure: Reaction vessels were heated in an oil bath
maintained at 50 £ 0.1°C using a proportional temperature controller with a
platinum thermistor probe (Cole-Parmer model 2156-00 controller/ YSI series 400
probe), a 450 W blade-type immersion heater (CSC model 16651-003) and a
motor-driven stirring blade. Pentachlorobenzene and 1,4-dimethoxybenzene
(internal standard) were weighed into the reaction vessel (a 50 mL 3-necked,
roundbottom flask or a 50 mL, 2-necked, cylindrical flask), and DMSO and
methanol were added to make the solution approximately 0.01 M in
pentachlorobenzene. Depending on the reaction conditions, solutions were

degassed by either the vacuum freeze-thaw method or by bubbling dry Argon into




solution via a gas dispersion tube, saturated with oxygen by bubbling compressed
air into solution, or no treatment was done at all. Experiments involving radical
traps added 3 - 7 mol% of galvinoxyl (Aldrich, used as received). The reaction
vessel was fitted with a gas purge line to maintain positive gas pressure during the
reaction, and a rubber septum to facilitiate sample transfer via syringe. This
mixture was heated in the oil bath until temperature stabilized. After taking a 0.5
mL sample via syringe for time t = 0, 1.00 M methanolic sodium methoxide
(prepared from methano!l and sodium metal, and standardized by titration with
aqueous HCI and phenolpthalein indicator) was added via Eppendorf pipette to
give equimolar amounts of methoxide and pentachlorobenzene in the reaction
mixture. Reaction time was measured with a stopwatch, and 0.5 mL samples were

taken periodically via syringe.

2. Sample Extraction and Analysis: Each sample was immediately
transferred to a 2 mL sample vial containing about 0.3 mL of toluene and one drop
of glacial acetic acid, which quenched the reaction. After mixing, 1 mL of distilled
water was added, and the vial was capped and shaken. (This technique was shown
to give a highly quantita.ive extraction of test mixtures). The toluene layer was
analyzed by GLC on a Varian 3300 capillary gas chromatograph equipped with a
flame-ionization detector, a 30 m x 0.25 mm DB-WAX (J & W Scientific, Inc.) or
DB-225-11 (Econocap) capillary column, and a SpectraPhysics 4290 integrator.
The column was held at 150 °C for 5 min and raised to 200 °C at a rate of 5
°C/min, with an injection port temperature of 300 °C and a detector temperature of

350 °C. Helium was used as carrier gas at 30 mL/min. Peak areas were corrected
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using previously determined response factors. Selected samples were further
analyzed by GC-mass spectrometry. For some samples, the para- and
meta-tetrachloroanisoles (which were unresolveable by GC) were isolated by
preparative gas chromatography (Hewlett-Packard F & M 700 GC equipped with a
0.25" x 10’ packed column containing SE-30 liquid phase on Anakrom 80/100
mesh) and further analyzed by proton NMR. The aromatic ring proton signal

integrated area was used to determine relative amounts of these isomers present.

Thermal Methoxydechlorination of Tetrachloroanisoles in DMSQ and

Product Study.

Small amounts (20 to 30 pmol) of tetrachloroanisole were added to reaction
tubes, with one isomer per tube. To each tube was then added 3.00 mL of a
solution made up by mixing 10.0 mL of DMSO, 0.56 mL of methanol and 0.12 mL
of 1.09 M methanolic sodium methoxide. Tubes were capped with a rubber
septum, and placed in a 50.0 £ 0.1 °C oil bath for 45 minutes. The mixtures were
quenched with acetic acid, extracted and analyzed by GC as in the kinetics
experiments desc:ibed above. These extracts were submitted for GC-MS analysis

to the OSU Low Resolution GC-MS Facility.

Test of the Thermal Stability of para-dimethoxybenzene.

To a sealable pyrex tube were added 0.0199 g (1.44 x 10 mol) of the
dimethoxybenzene, 3.0 mL of DMSO and 0.1 mL of 1.0 M (1.0 x 10 mol)
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methanolic sodium methoxide. The tube was capped and heated to 50 °C for 70
min. The reacted mixture was extracted and analyzed by GC as described above.

No peaks other than solvent and starting material were detected.

Experimental Test for a Benzyne Mechanism in the

Methoxydechlorination Reaction.

A mixture of 10.0 mL of DMSO, 0.556 mL methanol, 0.0421 g (1.68 x 104
mol) of pentachlorobenzene, 0.0206 g (1.49 x 10 mol) p-dimethoxybenzene, and
0.0577 mL of 1.09 M methanolic sodium methoxide was prepared, and 4.0 mL of
this solution was added to each of two sealable tubes. To one of the tubes was
added 0.0065 g (2.40 x 10> mol) of 1,3-diphenylisobenzofuran (Aldrich, used as
received). The tubes were capped and heated in a 50 £ 0.1 C° oil bath for 20 m

and extracted and analyzed by capillary GC by methods described earlier.

Photodechlorination of Pentachlorobenzene in Aqueous Micellar

Solution.

1. Preparation of micelle solution: Cetyltrimethylammonium bromide
(CTAB) (Aldrich) was purified by recrystallization from ethanol and washed with
hexane. Water was purified by distilling deionized water from potassium
permuanganate (bp = 100.0 °C). Cetyltrimethylammonium bromide (14.57 g,
0.03998 mol) was dissolved in about 175 mL of water in a 200 mL volumetric

flask with stirring and gentle heating. Once dissolved, water was added to make
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200 mL of 0.200 M aqueous CTAB solution.

2. General reaction and analysis procedure: in a cylindrical pyrex reaction
vessel (4" long, 1.25" diameter, with two ground glass joints on top) was added
0.0130 g (5.20 x 103 mol) of pentachlorobenzene and 50.0 mL of 0.200 M CTAB
and stirred until dissolution was achieved. In reactions using triethylamine, 1.15
mL (8.27 x 103 mol, where a density of 0.7275 g/mL was assumed>®) of
triethylamine was added just prior to photolysis. The vessel was placed
approximatiely 10 cm from a General Electric sunlamp, with continuous magnetic
stirring. Periodic samples (1.0 mL) were taken by syringe. Samples were
extracted 3 times with 200-300 mL of water, 20 mL of brine, 10 mL of 2 N
aqueous HCl and 30 of mL pentane. The pentane extract was condensed by rotary
evaporation to dryness, and redissolved with 0.1 mL hexane containing 0.033 M
dodecane as internal standard. Samples were analyzed by capillary GC (Varian
3400 equipped with a 30 m DB-WAX column) using a temperature program 60 -
180 °C, S min initial hold, 5°C/min heatup rate, with injector temperature 250 °C
and detector temperature 300 °C. Response factors for penta-, tetra-, tri- and
di-chlorobenzenes were determined relative to dodecane using authentic standards.
GC-MS was used to identify peaks which did not correspond to compounds with

known retention times.

Competitive Kinetic Studies of Thermally Generated

Tetrachlorophenyl Radicals.




A procedure similar to that reported by Bridger and Russell was used.
Solutions of 0.1 M of 2,3,5,6-tetrachlorobenzeneazotriphenylmethane (TCBAT)
were prepared in solvent mixtures containing carbon tetrachloride (Baker, HPLC
grade) and one of the following: triethylamine, diazabicyclo[2.2.2]Joctane
(DABCOQ), quinuclidine or d;-acetonitrile (Aldrich, 100 %d). Small portions
(0.500 mL) were transferred to 2 mL ampoules. These were degassed by three
freeze-pump-thaw cycles, and sealed under vacuum. These ampoules were heated
to 60 0.1 °C for four hours in an oil bath, and were kept in a freezer until
analyzed. Analysis was done by GC on a Varian 3300 capillary GC equipped with
a 30 m DB WAX column. The temperature program was the same as used in the

previous experiment (photodechlorination in micelles).

Determination of Rate of Decomposition of TCBAT.

Ampoules containing 0.500 mL of a 0.1 M solution of TCBAT in carbon
tetrachloride were prepared as in the competitive rate experiments above. These
ampoules were placed in a 60.0 or 75.0 £ 0.1 °C oil bath. An ampoule was
removed periodically, opened and diluted with 3.0 mL of hexane.
Ultraviolet/visible spectra were taken of these diluted samples using a
Hewlett-Packard 8452A UV/VIS Diode Array Spectrophotometer. The instrument
was calibrated to a blank solution containing 0.500 mL CCl, and 3.0 mL hexane.
The absorbance at A = 450 nm was used to calculate concentration of each sample,
since no interference from product absorption occurred at this wavelength. A

kinetic plot of the logarithm of relative concentration (i.e., absorbance at time ¢




divided by absorbance of the unreacted sample) versus time was generated using

this data, and decomposition half-lives were measured directly from these plots.
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APPENDIX A

Rate Expression for Second-Order Kinetics

The second-order rate expression used for kinetic studies of the
methoxydechlorination reaction of pentachlorobenzene is derived. ‘
Let:
[PCBY], = actual pentachlorobenzene concentration in the

reaction mixture at time ¢

[STD] = actual concentration of internal standard
(para-dichlorobenzene) in reaction mixture

(constant)

(pcb/std), = GC integrated peak area ratio of pentachlorobenzene

to internal standard at time ¢

R = response factor of the GC detector to pentachlorobenzene
and standard, i.e., [PCB]/[STD] = R(pcb/std),. In
practice, R is calculated by measuring the initial
PCB/STD GC area ratio (pcb/std),o and comparing
the known actual initial concentration ratio of the

two.
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Now, using the general expression for second order kinetics™ in the case

where the two reactants start in equal concentrations:

ke =1/a - 1/a

where a, and a; are the concentrations of the reactant at time ¢ and initially.

In terms of this experiment:
kt = 1/[PCB], - 1/[PCB],.
A numerical value for [PCB], can be obtained from the integrated GC areas
by the relation given above in the definition for R. Rearranged a bit, this
expression for R becomes:

[PCB], = R[STD](pcb/std),.

Using this expression in the ks equation gives:
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1 1
kt= - —_
R[STD](pcb/std), [PCB],
_ 1 std B 1
RISTD] ( peb ), [PCB],

Multiplying by R[STD}/R{STD], and then factoring out 1/R[STD] gives:

k=

1 (std ) _ R[STD]
R[STD] pcb [PCB],

Once again using the defining expression for R, and rearranging, the second

term in brackets {} in the last equation becomes:
R[STDJ/[PCB], = (std/pcb),

the right-hand side of which is directly measurable by GC. So, the

expression for kf now becomes:
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1 ( std std
k= -
R(STD] |\ PP ) ( peb )0

4

This expression is now in terms of measurable quantities. The kinetic plots
of each experiment was done by plotting the ks from this equation versus time.
Thus, the value of k can be deduced directly from the slope of a linear plot if the

reaction is indeed second-order.




APPENDIX B

77




78

‘[Axouiareg (da1no Joddn) noynm pue (aauny 1Bmo)) ynm o, 0S 18 (a/A 1:6°¢1) [OueylauQSING
ul uolieunio[yaapAxoylow duazuaqorojyaeiuad jo s101d snaury 19pI0-pucasg ‘j-gq ungdy g

(unw) swiy

0e 14 0e St 04 g

B

/L - Wi

oSy




79

—_._E_.___ 4

‘adl %01 Karewnxoidde surgluod YoM
yead DO 9[OSIUE0IO[YIENI)}-0Y140 34} JO pue (doy ‘g(]) Sudzusq
-AXO}3WIPOIO[YOLL JO JOWOSE UB JO enoads SN-O0 °7-4 n31d

1] ese poe (] eal as

L

g

i

goe
9h2 @'eol
QQE ese eac os1 oorT s
_—.#FF__-__VP _|_~

: £

-F] 081 b1 eIt ] 19 L
LBT — @' BS

¥
L 0'Q01

@he




80

(1D ut) SI9WOST 3[0SIUBOIO[YORLI)
£ pue suazuaqolojyoriuad Jo aunixiw e Jo wnndads YN uolord zHW 00¢ “¢-g 34ndiyg

(e} n,.« 0o'e c'e €

[ AN

Wdd
&€ o'r N4 [ 138 ] 09 9
PR PN TN TSNP RN

PN WP DU G Y

e '8 1

)

| FAf




APPENDIX C

81




82

"aueyowAuaydLnozesauszuaqoIojyornal-¢'y g [ Jo winnoads SIA/AN 1D dandiy

TTve ' -

TL NS SNLTCSOWR

9¢E bt

p
—
—

-

-——

-

-
—~—
~—~—
-
-
L ad

.f%




83

15D ur aueylow[Auayd10ZeoudZuaqoIo[YornA-G p T |
(aurj yS1p) paroeas K[a1adwod pue (3ul] yIep) pajoeasun Jo wnndads SIA/AN T-D EXTIHIR

1
¢

-
—
-
-~
-~
-
-
-
-
-—

et 86T
Fate’ - w

- o

TLVNORLAWCSOWQ

A998 ‘P .. ! L { | | 1 L




84

. (SIWLMDAd
ur) o:a.tuE_mco;mﬁogocﬁconﬁoanba-m.v.u._ 30 wnnoads YINN uoroad g 00€ °€-D 2and1y
Wdd
AT A A L B O s 0s s ae ALY




85

DD Ul D, 0°09 18 LV ED.L JO uonisoduodap jo arex ays jo 10jd onauLy J9pI0-181t °p-) 4ndig

(S¥H) sw]
9 S 4 ¢ Z l 0

1

(

100

(on/i




86

Py UL D 0°SL 1B LVEDL JO uonisodiodsd] Jo a1y yi Jo 10[d IHAULY J3pI0-IsiL] *§-D) 2ndy

(s4y) awi)
| 60 80 (L0 90 G0 ¥0 ¢0 <C¢O 10 o_o.o




APPENDIX D

87




88

<S> JO SaN[e SNOLIEA 1€ UONNQLISI(] UOSSIOd O} suounjog [eduawnN - dq8L

200°0 000°0 000°0 000°'0 000°0 000°0 000°0 000°0 000°0 (ot)d
£00°0 t00°0 000°0 000°0 000°0 000°0 000°0 000°0 000°0 (6)d
(oo 00°0 100°0 000°0 000°0 - 000°0 000°0 000°0 000'0 (8)d
6€0°0 2lo'o ¥00°'0 200°0 100°0 000°0 000°0 000°0 000°0 ()4
840°0 280°0 JUN 800°0 900°0 200°0 000°0 000°0 000°0 (9)d
€EL°0 ¥20°0 1%0°0 £20°0 120°0 600°'0 100°0 000°0 000°0 (s)d
68L°0 o 460°0 ¥.0°0 290°0 ¥€0°0 ¥00°0 200°0 100°0 (v)d
s12°0 812°0 81°0 €910 o 201°'0 $20°0 ¥10°0 £00°0 (€)d
€810 152°0 0L2°0 892°0 €92°0 €20 e 280°0 €50°0 (2)d
¥0L°0 €61°0 092°0 $62°0 €Ie°0 €se'0 1e'o teo (92°0 (t)d
0€0°0 ¥0°0 §21°0 910 9810 €920 luso 06§°0 €(9'0 (0)d
25°¢ 09°2 80°2 281 89°1 | 659°0 125°0 96£'0 & (S)>




89

"(— =— —) sunure[Ay1aLn Jnoyim

SUONJEAL UL ALY} SNSIDA UOHELIUIIUOD JANEB[AI 3UIZU3qOIO]YdeIuad pue ‘SurwelAyiaLn Jo souasaid
S Ul UONN[OS JE[[J1U Ul UOHBIPELI! JULIND JWIN SUSIOA (# ¢ o » +) SOUIZUIGOIO[YOL] PUR ‘(- — - —

) SauszuaqoIo[yoEn] ¢( ) U3Zu3qoIO[YOLIUAd JO SUOHBNUIIUOD IANEA JO 10[d *J-( 24ndig

Y ‘awn)

000

0002

00°0v 3
o)
2
o
2
@

00'09 m

00'08

00004




